We synthesized a series of RGD peptides and immobilized them to an amine-functional self-assembled monolayer using a modified maleimide-based conjugate technique that minimizes nonspecific interactions. Using a spinning disc apparatus, a trend in the detachment strength (τ 50 ) of RGD peptides of different flanking residues was found: RGDSPK ≻ RGDSVVYGLR ≈ RGDS ≻ RGES. Using blocking monoclonal antibodies, cellular adhesion to the peptides was shown to be primarily α √ -integrin-mediated. In contrast, the τ 50 value of the cells on fibronectin (Fn)-coated substrates of similar surface density was 6-7 times higher and involved both α 5 β 1 and α ν β 3 integrins. Cellular spreading was enhanced on RGD peptides after 1 h when compared to RGE and unmodified substrates. However, no significant differences were observed between the different RGD peptides. Long-term function of MC3T3-E1 cells was also evaluated by measuring alkaline phosphatase (ALP) activity and mineral deposition. Among the four peptides, RGDSPK exhibited the highest level of ALP activity after 11 days and mineralization after 15 days and reached comparable levels as Fn substrates after 15 and 24 days, respectively. These findings collectively illustrate both the advantages and limitations of enhancing cellular adhesion and function by the design of RGD peptides. 
INTRODUCTION
Orthopedic tissue engineering constructs can be modified with immobilized bioactive molecules to enhance osseointegration. Engineered peptide motifs derived from adhesive proteins present in the extracellular matrix (ECM) of bone, such as fibronectin, bone sialoprotein and osteopontin, have been immobilized on material substrates in order to improve the adhesion and function of a number of osteoblastic cell lines. Most commonly, these peptides contain the arginine-glycine-aspartic acid (RGD) sequence which interacts specifically with integrin receptors. Once the peptide is bound to its cognate receptor, a number of critical signal transduction pathways are activated that in turn modulate cell function. [1] Recent studies using RGD peptides immobilized on amine-functional self-assembled monolayers (SAM) demonstrated increases in the adhesion, spreading and mineralization of murine [2, 3] and rat [4, 5] calvarial osteoblast-like cells. These model substrates are useful in studying interactions between peptides/proteins and cells in a controlled, homogeneous physicochemical environment. [6] However, the high density of amine functional groups present on these substrates can also promote strong, non-specific interactions with the cell membrane that confound accurate prediction of the peptide effect. [7] Thus, to increase understanding of the parameters which modulate the bioactivity of the immobilized RGD peptide, it is necessary to be able to both detect and minimize these confounding interactions.
To address the problem discussed above, we first use a spinning disc apparatus to quantify the non-specific and specific contributions of bone cells on immobilized RGD peptides. A maleimide heterobifunctional crosslinker that allows for a selective conjugation with -NH 2 and -SH groups of peptides [8, 9] was applied to 3-aminopropyltriethoxysilane (APTES) SAMs. A large, residual non-specific interaction was identified on these maleimide-functional substrates that could be minimized by a simple modification of the attachment chemistry. Then, we synthesized and quantified the detachment strength of a series of modularly designed peptides which contain the following cell binding domains: RGDS, RGDSPK (a fragment from fibronectin, Fn), and RGDSVVYGLR (a 10-mer derived from osteopontin). The different RGD peptides were selected because they have shown promise for use in orthopedic tissue engineering Lee applications. For example, (G)RGDSPK has been used to inhibit rat bone cell attachment and mineralization on Fn-coated substrates when soluble [10, 11] and to increase the adhesion of rat calvarial osteoblast adhesion when immobilized on polystyrene or acellular bone matrix. [12] RGDSVVYGLR is a sequence derived from osteopontin, a bone matrix protein, and is known to bind with high affinity to α v β 3 integrins [13] receptors present in high concentrations on the surface of cultured osteoblasts. [14] [15] [16] Using this system, we investigated differences in the detachment strength of MC3T3-E1 cells to peptides of varying flanking residues. The adhesion mediated by the peptides is compared to that of the full Fn protein in terms of difference in detachment strength and in the integrin(s) involved. We then investigated the correlation of the trend in the adhesion among the peptides with both short-term (spreading) and long-term function of these osteoblast-like cells. More specifically, the long-term function was evaluated by measuring changes in ALP activity, a commonly used indicator of MC3T3-E1 differentiation, and the deposition of a calcified mineralized extracellular matrix.
MATERIALS AND METHODS

Substrate Preparation
The preparation and characterization of self-assembled monolayers (SAMs) of 3-aminopropyltriethoxysilane (APTES) and glycidoxypropyltrimethoxysilane (GPTMS) were previously described in detail. [7] Briefly, silicon wafers (p-type, <1-0-0> orientation, 20-30 Ω-cm resistivity) were cut into samples of 1.2 cm x 1.2 cm and were cleaned with piranha solution (3:1 (v:v) H 2 SO 4 /H 2 O 2 ). After thoroughly rinsing with ultrapure water (18 MΩ-cm resistivity), the substrates were dried with nitrogen and then exposed to UV-Ozone for 10 min. SAM deposition was performed by immersion of the samples into either 5% (v:v) APTES or 20% (v:v) GPTMS solution in toluene for 16 h under anhydrous conditions. Subsequently, the samples were sonicated in toluene, N,N'-dimethylformamide (DMF) and water. After fabrication, GPTMS samples were immersed in 2.75 mM β-mercaptoethanol (βME) in phosphate buffer solution (PBS, pH 7.4) for 16 h and sonicated twice with ultrapure H 2 O to produce OH SAMs. [17] Peptide-immobilized substrates were fabricated using an adaptation of the protocol used by Xiao et al. [18] APTES SAMs were immersed and sonicated in 5.0 mM solution of β-Corresponding author; E-mail address: markhl@alumni.upenn.edu The concentration of the peptide solution was varied to achieve the same surface density (6 pmol/cm 2 ), as determined from radiolabeling results. Unreacted maleimides were subsequently blocked using a 1mM βME solution in PBS for 30 min. A two-fold molar excess of Tris(2-carboxyethyl)phosphine (TCEP) was added to both the peptide and βME solutions to maintain the thiol groups in their reactive, reduced state. All samples were sonicated in fresh PBS twice and used immediately.
Surface Characterization
Each step of the surface modification process was verified by monitoring the increase in the substrate thickness using an AutoEl-II Null Ellipsometer (Rudolph Research, Flanders NJ) at a fixed incident angle of 70 degrees with a helium-neon laser source (λ = 632.8 nm). Thicknesses were calculated using the manufacturer-provided DAFIBM program using the following refractive indices: SiO 2 = 1.462, APTES = 1.423, BMPS/Acetyl = 1.5. The value of 1.5 represents a generic value for organic materials with unknown refractive indices. [19] Sessile drop contact angle measurements were taken using a goniometer setup built in-house containing a Hamilton microsyringe and a CCD camera. A constant drop volume (10 μL) of ultrapure water was gently deposited onto the surface and allowed to grow prior to slow needle retraction and image collection. The captured images were analyzed using Scion Image (Scion Corporation, Frederick MD) to determine the contact angles. All readings were performed immediately after sample preparation to minimize contamination. 
Design and Synthesis of RGD peptides
A modular peptide design was used in order to be able to achieve both specific attachment and quantification of surface coverage. The following peptides were synthesized using standard protocols used for Fmoc-based SPPS [20] with an Applied Biosystems 433A peptide synthesizer using a Wang resin pre-loaded with the first amino acid (0.63 mmole/g substitution) on a 0.25 mmol rxn scale: Ac-CYGGRGDS-OH, Ac-CYGGRGDSVVYGLR-OH, Ac-CYGGRGDSPK-OH and Ac-CYGGRGES-OH. The peptides were cleaved from the resin using an 82.5/5/5/5/2.5
(by vol.) mixture of trifluoroacetic acid/thioanisole/water/anisole/ethanedithiol, precipitated in excess cold diethyl ether and purified by reverse-phase HPLC using a linear 1%/min acetonitrile gradient at a 10 mL/min flow rate on a Vydac preparative C4 HPLC column. The fractions were lyophilized and identified using MALDI-TOF mass spectrometry with α-cyano-4-hydroxycinnamic acid matrix and angiotensin and insulin as the molecular weight standards.
The molecular weight of the four synthesized peptides, RGDS, RGDSPK, RGDSVVYGLR and RGES, were verified to be 855, 1081, 1543 and 868 g/mol respectively.
Determination of Peptide Surface Density
Radiolabeled peptide studies were conducted by iodinating the Tyr residues of the RGD peptides. 2 mg of the peptide was dissolved in 0. confluency) and had enough room to spread and proliferate. The cells were allowed to attach in serum-free medium overnight (12 h); this was replaced with complete medium at day 1. At day 3, the media was replaced with complete medium supplemented with 10 μg/mL ascorbic acid and 10 mM β-glycerophosphate. The concentration of ascorbic acid was gradually increased to 50 μg/mL by day 7 and was maintained for the remainder of the experiment, with media exchanges every 2-3 days. After 8, 11 and 15 days in culture, the attached cells were trypsinized, scraped with a wide mouth pipette tip, rinsed with media and pelletized by centrifugation.
Spinning Disc Measurements
The various surfaces were prepared on 2.54 cm diameter silicon substrates that could be mounted on stages designed for the spinning disc apparatus, as described previously. [23] MC3T3-E1 cells were trypsinized, rinsed with complete medium and serum-free DMEM and min. at room temperature in adhesion buffer (24 mM HEPES, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 , and 1 mM glucose, pH 7.4) at the appropriate angular velocity to develop a good detachment profile. The detachment profile was insensitive to the experimental conditions in the spinning disc chamber due to the short duration of exposure. Under these attachment conditions, cells have sufficient time to attach through specific interactions without significant spreading, which can complicate the interpretation of the measurements due to cell spreading and flattening.
The ramp up to the final speed (1 min.) and the duration of exposure (5 min.) with the spinning disc apparatus have both been optimized to ensure that the majority of the cells were detached at the periphery of the disc (i.e. maximum τ) without exposing the cells to a long duration of shear force which can induce cellular changes in itself.
After the spinning disc experiment, the samples were fixed with 3.7 % formaldehyde solution, In order to determine the ALP activity/cell, cell density was also determined using the PicoGreen DNA quantification kit. The collected cell pellet was disrupted with 20 μL of 0.1N NaOH solution for 2 min. A 10 μL aliquot was added to 90 μL of 10X TE and 100 μL of the PicoGreen reagent (5 μL/mL) and allowed to react for 5 min at room temperature while protected from light. 200 μL of this reacted solution were added to 96-well plates and the fluorescent intensity determined using the microplate reader with 485 nm/535 nm excitation/emission filters. A lambda standard was used as internal calibration.
Alizarin Red-S Protocol for Mineralization
The calcified mineral deposits were stained with Alizarin Red-S (AR-S) using the protocol developed by Gregory et al. [29] Briefly, separate 12-well plates after 8, 11, 15 and 24 days in added to the samples in 12-well plates and incubated for 30 min. at room temperature with shaking. The cell monolayer was scraped off using a wide mouth pipette tip and the cell extract was transferred to centrifuge tubes and vortexed for 30 sec. The slurry was overlaid with 500 μL of mineral oil at 85 °C for 10 min. After fully cooling in ice, the supernatant was discarded and 200 μL of 10% (v:v) ammonium hydroxide (pH ~ 4.1-4.5) was added to develop the color. 200 μL aliquots were added to 96-well plates and read at 405 nm using the microplate reader.
Statistical Analysis
Unless otherwise noted, the data are presented as averages ± 95% confidence intervals from three independent experiments done in triplicate (n = 9). One-way analysis of variance (ANOVA) was used to test for significance, at the p<0.05 level. Pair-wise comparisons between substrate types were conducted using the Tukey-Kramer test at the same significance level.
RESULTS
Development of the Peptide Immobilization Procedure
Each step of the surface modification procedure was monitored using ellipsometry and water contact angle goniometry. The results are shown in Table 1 . In all ellipsometric measurements, the underlying oxide (SiO 2 ) layer (thickness = The detachment strength (τ 50 ) of MC3T3-E1 cells to substrates at each step of the modification procedure was also measured using the spinning disc apparatus and is shown in Fig. 2 . The deposition of APTES onto SiO 2 significantly increased τ 50 to 453 ± 20 dyne/cm 2 (p<0.01). The subsequent modification with BMPS, which reacts with the NH 2 groups of APTES, reduced the Lee 
Effect of RGD peptides on Cell Adhesion and Spreading
Cellular adhesion to peptides immobilized on APTES-BMPS/Ac was quantitatively investigated with the modified substrates using the spinning disc assay. substrates. However, after 1 h, 2.5 h and 5 h, the cell area on the RGD surfaces is significantly higher than on the control RGES and BMPS-OH surfaces (p< 0.05). The differences between the three RGDS peptides are not significant at all times. It should be noted that BMPS-OH represents a neutral maleimide-functional substrate which does not possess any peptide but was similarly modified with the βME blocking step as the peptide samples.
Alkaline phosphatase activity
Fluorescence measurements of ALP activity of MC3T3-E1 cells cultured on the peptide modified surfaces after 8, 11 and 15 days were normalized to cell number and are shown in Fig.   6 . The differentiation and mineralization pattern of this cell line has been well-characterized previously by others. [34] [35] [36] [37] ALP activity level gradually increases to significant values after 8-15 days in culture for all samples tested. The most significant effect is observed with the RGDSPK surfaces with which the ALP activity increases from day 8 to day 11 (p < 0.05) and then decreases by day 15. This trend is qualitatively similar to that of Fn. In contrast, the maximal ALP levels for RGDS and RGDSVVYGLR are observed after 15 days. With the exception of RGDSVVYGLR at day 11, the ALP activities of all three peptides are higher than those of the BMPS-OH and RGES controls at days 11 and 15 (p<0.05). It should be noted that the ALP activity of the MC3T3-E1 cells used in the study was generally low which may indicate the presence of some phenotypic drift in the cell line. Nevertheless, attachment to the RGD peptides and fibronectin elicited significant increases over the controls and suggests that the appropriate integrin-mediated signaling has occurred. 
Mineralization
The deposition of a calcified mineralized matrix by the MC3T3-E1 cells was qualitatively monitored using a digital camera after 11, 15 and 24 days. Using the protocol of Gregory et al., [29] the alizarin red-S stain on the samples was extracted and assayed to quantify the mineral content on the samples. 
DISCUSSION
In previous studies, we demonstrated that RGD immobilized via APTES on a deformable poly(dimethylsiloxane) (PDMS) membrane [2] and on a silicon substrate [3] enhances the adhesion and function of MC3T3-E1 and rat osteosarcoma (ROS) cells respectively. The minimum RGD tri-peptide sequence was shown to cause a dramatic difference in α v β 3 integrin distribution at focal contacts after 6 h and significant increases in the expression of β 3 , β 1 and α v subunits and of osteoblast-specific genes (osteocalcin, osteopontin and bone sialoprotein) after 3-4 days. After 8-12 days, significant increases in ALP activity and mineral deposition were observed on the RGD modified PDMS surfaces. The current study expands upon these earlier studies by quantitatively investigating the role of the residues flanking the RGD on osteoblast adhesion and its correlation with long-term cellular function. First, a conjugate chemistry was developed to attach RGD peptides to SiO 2 and the level of non-specific cellular adhesion was verified using the spinning disc apparatus. As we had previously demonstrated with an erythroleukemia cell line (K100), electrostatic interactions play a particularly important role in the adhesion of cells to amine-functional substrates. [7] The magnitude of the non-specific adhesion of MC3T3-E1 cells to the APTES SAM was even larger (~ 2.5x) than that previously reported for K100 cells. The difference between the two cell types is likely to be caused by differences in the composition and charge of the membranes [38] and not by differences in cell spreading/flattening (verified by SEM -data not shown). Reacting [13] Therefore, other factors are likely to play a significant role in the higher detachment strength measured for RGDSPK. In the context of the results of Fig. 2 , it is likely that the lysine residue of RGDSPK also enhances cellular adhesion through a non-specific mechanism.
Although this interaction does not directly affect integrin binding, incorporation of additional Lys residues may provide a useful method to increase the ability of weak RGD peptides to support cellular adhesion.
Since RGD-containing peptides and proteins are generally capable of interacting with multiple integrins, the adhesion mediated by the RGD peptides and by adsorbed Fn adsorbed were compared on the basis of detachment strength and integrin specificity. Fn represents a native state in which peptides such as RGD and (G)RGDSP exist and is a standard against which the activity of these peptides can be compared. At surface densities equivalent to that of the RGD peptides, the specific contribution of Fn-mediated adhesion is approximately 300 dynes/cm 2 .
This is more than six times greater than the difference in τ 50 values between RGDS and RGES.
It is not clear at this time whether the greater detachment strengths for Fn are due to stronger bonds formed with α 5 β 1 integrins or simply a greater number of total bonds with both integrin types. By using adhesion blocking mAbs against α 5 β 1 and α v integrins, the difference between the peptide and Fn-mediated adhesion was further clarified. Whereas the adhesion of MC3T3-E1 cells to Fn was mediated by significant interactions with both the α 5 β 1 and α v integrins (i.e. α v β 3 and α v β 5 ), the specific adhesion of cells to all RGD peptides was abolished when α v integrins were blocked. These findings demonstrate that there are significant differences in the initial interactions mediated by RGD peptides vs. Fn with the integrins of MC3T3-E1 cells.
In tissue engineering applications, the purpose of using RGD peptide-immobilized substrates is to support cell function beyond adhesion. In order to test whether differences in adhesion among RGD peptides and Fn also resulted in long-term phenotypic changes, cell spreading, ALP activity and mineralization of MC3T3-E1 cells were also evaluated. Measurements of cell area showed that spreading on the three RGD peptides and Fn were greatly enhanced in comparison to the controls after 15 min. However, a significant difference between the three RGD peptides of different flanking residues was not found. The results suggest that small changes in the residues flanking the RGD sequence are not sufficient to cause changes in cell spreading.
Alternatively, the lack of a correlation in spreading with the trend in τ 50 values may be due to greater variation in the spreading assay as well.
When the ALP activity and deposition of the mineralized matrix were evaluated, the general trend found in these assays correlated well with that of the adhesion measurements. RGDSPK was the most effective peptide with a peak in ALP activity after 11 days; it reached a similar level as Fn but in a longer time period. In comparison, maximum values for RGDS and RGDSVVYGLR occurred later, after 15 days, and suggested that differentiation with these peptides were either delayed, possibly due to lower initial cell densities (as suggested by the lower detachment strengths), or that the effect of these peptides on ALP activity was lower. The mineralization results were similar and supported this interpretation. The amount of calcified mineral on RGDSPK and RGDS were significantly greater than RGDSVVYGLR after 15 days.
By 24 days in culture, mineralization on these two RGD peptides was similar to the level on Fn.
Although further characterization of the minerals by techniques such as X-ray diffraction and FTIR was not possible on these samples, previous work has shown that the mineral formed by these cells with analogous samples under similar culture conditions is a biological apatite. [2] It should also be noted that in the spreading, ALP and ARS assays, a hydroxyl-terminated SAM (OH SAM) saturated with adsorbed Fn was used as a positive control because this substrate has been shown to enhance α 5 β 1 integrin-mediated cellular adhesion [39] and mineral deposition by MC3T3-E1 cells. [40] Therefore, the results for Fn, reported in the present study, represent the maximum bioactivity that can be obtained by modulation of the biomaterial surface chemistry alone.
In summary, the effect of altering the residues flanking the RGD peptide sequence has an immediate effect on adhesion causing subtle changes in both osteoblast differentiation and with DiI and the spread area was tracked using fluorescent microscopy. After 1h, the peptides with RGDS showed a significant increase in spread area over those of the BMPSOH and RGES controls (p < 0.05). The difference between the three RGDS peptides was not significant at all times. Bars are means ± 95% Confidence Intervals (n = 9). Asteriks denote significant increases (p < 0.05) over the RGES control of the same time period. Cells cultured on Fn produced the most mineralization after 8 days. There were significant increases in the minerals on RGDS and RGDSPK after 15 days. By 24 days, all RGDScontaining peptides produced significant increases in mineralization and reached comparable levels as Fn. Bars are means ± 95% Confidence Intervals (n = 9). Asteriks denote significant increases (p < 0.05) over the RGES control of the same time period. 
